This study sought to assess the pharmacokinetics and clinical effects of oral BG9928 in heart failure (HF) patients.
Many patients with heart failure (HF) have underlying renal function abnormalities, and renal function often further deteriorates during treatment (1) , especially in those taking diuretics and inhibitors of the renin-angiotensin system (2) (3) (4) . Worsening renal function is associated with higher mortality and higher costs in hospitalized patients with HF (5) (6) (7) (8) (9) (10) . Consequently, preserving renal function in these patients may improve outcomes.
Adenosine modulates glomerular filtration by several mechanisms and may contribute to renal dysfunction in patients with HF by reducing glomerular filtration (11, 12) . Selective A 1 adenosine receptor blockade decreases afferent arteriole tone, increases urine flow, and causes natriuresis (13) . In patients with HF treated with single intravenous doses of furosemide alone, the adenosine blocker alone, and the combination, the addition of the A 1 adenosine receptor antagonist prevented reductions in renal function associated with furosemide use (3, 14) . BG9928 (Biogen Idec, Cambridge, Massachusetts) is an orally active, potent, and selective inhibitor of the A 1 adenosine receptor (15) , and its use in patients receiving standard therapy for HF, including diuretics and angiotensinconverting enzyme (ACE) inhibitors, is being investigated.
This study was designed to evaluate the pharmacokinetics and effects on volume status and renal function of multiple oral doses of BG9928 given over 10 days.
Methods

Patient population.
Patients were eligible for the study if they had a diagnosis of HF for at least 3 months before screening, had stable New York Heart Association (NYHA) functional class II to IV symptoms, and an ejection fraction of Յ40% documented within the past 12 months. Additional inclusion criteria included age between 18 and 80 years, weight Ն50 kg, and body mass index Ͼ19 kg/m 2 . All patients were screened within 28 days of study drug administration and had to be on a stable medical regimen for at least 2 weeks, including an ACE inhibitor or an angiotensin II receptor blocker (ARB).
Those who required more than short-acting nitrates to treat angina or had unstable angina were excluded. Patients with renal impairment (i.e., Ͼ3 g proteinuria in a 24-h period or creatinine clearance [CrCl] Ͻ30 ml/min/1.73 m 2 ), potential for recent renal injury (i.e., significant episode of hypotension or any surgery requiring general anesthesia, coronary artery bypass graft, or percutaneous coronary intervention within 8 weeks before screening, any dose of radiologic contrast agents or aminoglycosides within 4 weeks before screening, treatment with nephrotoxic drugs within 2 weeks before screening, or any other agents capable of affecting renal function within 24 h before baseline), history of urinary obstruction, myocardial infarction or stroke within the prior 3 months, or other serious systemic disease were not eligible for study entry. Written informed consent was obtained from each patient before study entry. The study protocol was approved by the institutional review board of each study site and was conducted in accordance with the Declaration of Helsinki. Study design and treatment. This was a multicenter, randomized, double-blind, placebo-controlled, multipledose, dose-escalation study in patients with stable HF. Daily oral doses of BG9928 were administered for 10 days during this study. Patients were evaluated in the hospital and clinic as shown in Figure 1 . Postdosing clinic visits were required on days 12, 14, and 16, and telephone follow-up was performed on day 38.
Patients were enrolled by increasing dose cohorts and were randomized to receive BG9928 or placebo within each cohort using a centralized randomization process (interactive voice response system) with a simple randomization scheme and no stratification factors. The site pharmacist was not blinded and prepared all doses of study medication; all other study personnel remained blinded. Doses of all prescription medication and nonprescription medication were to remain stable for at least 2 weeks before day 1 and through day 16. Patients were not to receive treatment with nephrotoxic drugs within 2 weeks before screening or agents capable of affecting renal function within 24 h before baseline day until day 16. Patients were not permitted to consume medications, foods, or beverages containing caffeine 8 h before until 8 h after the oral dose was taken on baseline days 1, 6, and 10. Also, on inpatient assessment days, patients were not permitted to take other medications from 8 h before study drug administration through the 8-h postdose time point. Permitted medications were reinstated after the 8-h postdose evaluations. Alcohol was not permitted 48 h before baseline, and patients could not use tobacco products within the 24 h before baseline through day 16. On inpatient assessment days (baseline days 1, 6, and 10) all patients fasted before study drug administration through 4 h after dosing. Efficacy assessments. The primary measures of efficacy were changes in urinary sodium excretion and urine volume. Additional measures assessed were urinary potassium excretion, adjusted CrCl, body weight, the Cody Edema Score (2), physician global assessment, and NYHA functional classification. Basic urine chemistry analysis (sodium, potassium, calcium, phosphate, creatinine) was performed on urine samples collected at baseline and on days 1, 6, 10, and 16. Urine volumes were recorded for urine collections at baseline and on days 1, 6, 10, and 11. Blood samples were collected for blood chemistry analysis at baseline and on days 1, 4, 6, 8, 10, and 11. The frequency and timing of assessments are summarized in Figure 1 . All laboratory analyses were conducted at a central location, Covance Central Laboratory Services.
Adjusted CrCl was calculated as CrCl ϫ 1.73/body surface area, where body surface area ϭ (height [in cm]) 0.725 ϫ (weight [in kg]) 0.425 ϫ 0.007184. Body weight was determined at screening, at baseline, and on days 1, 6, and 10. The Cody Edema Score was evaluated at screening; at baseline; on days 1, 6, and 10 (predose and at 4 h); and on the other days at the time of study drug administration. The physician global assessment and NYHA functional class determination were made at baseline and on day 10. Physician global assessment was performed using a visual analog scale of 0 to 100; a positive change from baseline to day 10 reflects improvement in status. Pharmacokinetic evaluation. Blood was collected for pharmacokinetic analysis on days 1, 6, and 10 (predose, 30 min, 60 min, 90 min, 2 h, 2.5 h, 3 h, 4 h, 6 h, 8 h, 10 h, 12 h, and 24 h); days 2 and 7 (predose); days 4 and 8 (0 h); day 11 (4 h and 8 h); and days 12, 14, and 16 (all at 0 h). Peak concentration (C max ), time to C max (t max ), area under the concentration time curve (AUC), uncorrected clearance, and elimination half-life (t 1/2 ) were calculated noncompartmentally using WinNonlin Professional software (version 2.1, Pharsight Corp., Mountain View, California). Safety assessments. All patients who received at least 1 dose of study drug were included in the safety analysis. Assessments included physical examinations, an examination for HF, and monitoring of vital signs. An electrocardiogram (ECG) was performed at the screening visit, on days 1, 6, and 10 at 5 to 60 min before dosing and at 2.5 h after dosing, and on days 2, 7, 11, and 12 at the start of the visit (0 h). On hospital admission (day 1), all patients received continuous telemetry monitoring. Adverse events, clinically significant abnormal laboratory results, medical The analysis population for evaluating pharmacodynamic and efficacy data was defined for all patients who received study drug, had at least 1 postdose assessment, and had no major protocol violations. An analysis of covariance adjusting for the baseline value of each parameter was used to test for a linear trend in dose response and also to compare each BG9928 dose group with the placebo group in change from baseline in sodium excretion, urine volume, potassium excretion, CrCl, and weight. Because this was an exploratory study, no adjustment was made to the type I error rate for multiple comparisons.
Demographics and Baseline Disease Characteristics
Results
At the 8 study sites, 53 patients were enrolled. Of these, 50 patients were randomized and received study medication and 3 withdrew before study drug administration. The distributions of gender, age, and race were similar among the dose groups ( Table 1 ). All patients received concomitant ACE inhibitor or ARB therapy, and 70% to 100% of patients across the treatment groups received diuretics during the study (Table 1 ). Other commonly received concomitant medications included beta-blockers (80%), digoxin (58%), and spironolactone (24%). Efficacy assessments. URINARY MEASURES. Urinary sodium excretion was increased in patients who received BG9928 compared with baseline and those who received placebo, when measured over the first 8 h on day 1 (Fig. 2) . The mean changes from baseline on day 1 in the 3-, 15-, and 225-mg groups were statistically significantly different from placebo (marginally significant at 75 mg). The test for linear trend in dose response was statistically significant (p ϭ 0.04), although the maximum change from baseline on day 1 occurred with the 15-mg dose without evidence of an increased effect at higher doses (Fig. 2) . The natriuretic effect was maintained over the 10-day dosing period in all BG9928 dose groups. However, the linear trend in dose response was no longer evident on days 6 or 10, and the 3-mg dose seemed to have an equal effect to the higher doses.
Urine volume increased from baseline for all dose groups during the 0 to 8-h interval on day 1 and was greatest with the 15-mg dose group (p ϭ 0.005) ( Table 2 ). The results for urine volume were similar to those for cumulative sodium excretion, but because of increased variability, the urine volume results did not reach statistical significance at some time points when sodium excretion was significant (Fig. 2 , Table 2 ). On days 1, 6, and 10, there was no significant linear trend for dose response for the change from baseline in cumulative potassium excretion over the 0 to 8-h interval (Fig. 3) . The increase from baseline in potassium excretion was higher than the placebo group to a statistically significant degree in several dosing groups and dosing days. However, these differences were relatively small (Ͻ19 mEq over the 0 to 8-h interval) and are unlikely to be of clinical importance.
Similarly, no significant linear trend in dose response was identified for adjusted CrCl over the 2-to 8-h interval or the 2-to 24-h interval. The CrCl was relatively unaffected by BG9928 administration (Fig. 4 ). There were no significant reductions in adjusted CrCl in any treatment group. CLINICAL MEASURES. The mean changes in body weight from day 1 to day 11 are shown in Figure 5 . The placebo group gained an average of 0.3 kg in weight, whereas there was a trend toward a decrease in weight in the BG9928 (0.7 kg in the 75-mg group; p ϭ 0.082, unadjusted). No linear trend for dose response was found for BG9928 dose and weight change.
Although there were no significant differences in clinical status, HF patients treated with BG9928 showed favorable directional trends, in other measures of clinical status, including the Cody Edema Score, physician global assessment, and NYHA functional class. The mean change from day 1 to day 11 in the Cody Edema Score was 0 in the placebo group, Ϫ0.4 in the 3-mg group, Ϫ0.6 in the 15-mg group, Ϫ0.6 in the 75-mg group, and Ϫ0.4 in the 225-mg group, where a negative change indicates an improvement in HF signs. The mean change from baseline in the physician global assessment showed a worsened assessment in the placebo group compared with a positive effect in all BG9928 groups. Changes in NYHA functional class from baseline to day 10 occurred in 1 placebo patient who worsened by 1 level and 5 BG9928-treated patients, each improved by 1 level. Pharmacokinetics. Pharmacokinetic parameters are summarized in Table 3 . BG9928 was rapidly absorbed, with a t max of 1.5 to 3.1 h. The C max , t 1/2 , and drug clearance were generally similar within doses for days 1, 6, and 10. Significant increases in AUC were observed at all dose levels between days 1 and 6, with no significant increases between days 6 and 10, suggesting that a steady state was reached by day 6. In general, BG9928 C max and AUC values increased linearly with dose. Steady-state AUC values showed moderate nonlinearity for the 75-mg dose. Elimination half-life ranged from 8 to 16 h after a single dose and from 14 to 25 h on day 10 (steady state), which is consistent with once-daily dosing. Safety assessments. The incidence of adverse events was not higher among patients who received BG9928 compared with those who received placebo, and no apparent doserelated effects were observed. The most frequently reported adverse event in all patients during this study was asymptomatic orthostatic hypotension, which occurred in 3 patients (30%) given placebo compared with 8 of 40 patients (20%) who received any dose of BG9928. Other commonly reported adverse events are shown in Table 4 . Most treatment-emergent adverse events were mild or moderate in severity. Two serious adverse events were reported. One patient who received BG9928 3 mg had a cerebral infarction that occurred 11 days after the last dose of study drug and was classified as moderate in severity. The patient had a previous history that included stroke, cerebral artery occlusion, carotid endarterectomy, and coronary artery disease. Another patient with a prior history of atrial fibrillation had a one-time recurrence on day 6 of administration of 15 mg of BG9928. No significant changes in blood pressure were reported in any patient in this study. No clinically significant changes in laboratory or ECG findings were observed.
Discussion
Oral dosages of BG9928 (3 to 225 mg per day) were associated with increased cumulative sodium excretion on day 1, and in some doses on day 6, when administered to patients with HF caused by systolic dysfunction. These doses were associated with, at most, mild increases in potassium excretion without adversely affecting renal function. The incidence of adverse events was similar to placebo, and higher doses of BG9928 were not associated with an increase in adverse events. The pharmacokinetic profile of BG9928 was consistent with once-daily dosing, and dose-proportional pharmacokinetics were displayed over the entire dose range. No evidence of drug accumulation was seen after the 10-day dosing period, and steady-state concentrations were achieved by day 6.
Clinically relevant significant responses associated with BG9928 administration observed in this study included increased natriuresis without change in renal function. Importantly, these results were observed early and were maintained at 6 days, although linear trends in dosedependent natriuresis were not observed subsequent to dosing day 1. At any given time point, maximal observed effects on sodium excretion and urine volume were achieved at submaximal doses (i.e., 3, 15, or 75 mg); however, there was no statistical evidence for a lesser effect at higher doses.
Pharmacokinetic Parameters on Days 1, 6, and 10 Oral BG9928 in HF Change in urine volume showed a similar trend, although again there were no statistically significant differences among dosages. It seems likely that the response to BG9928 reaches a plateau at submaximal doses and that apparent variation at higher doses is not significant. However, we cannot exclude the possibility that the apparently decreasing effects at higher dosages may result from activity at adenosine receptors other than the A 1 type. In addition, at each dose used, maximal natriuretic and diuretic effects generally occurred early in the course of daily therapy (i.e., on day 1), with diminishing results thereafter. It is likely that differences in natriuresis observed between initial and subsequent BG9928 doses reflected differences in sodium intake before and after hospital admission for study participation, where dietary intake was restricted.
The effects of BG9928 occurred in patients who were receiving standard therapies for HF, including ACE inhibitors, ARBs, and diuretics that can adversely affect renal function and electrolyte balance (4) . A sustained period of natriuresis and diuresis above baseline occurred over the 10 days of dosing with BG9928. A common physiological response to heightened sodium excretion, as occurs with diuresis, is a compensatory decrease in glomerular filtration rate. The lack of a decline in renal function in the presence of a significantly greater diuresis suggests that BG9928 was not detrimental to and may have had a protective effect on renal function. In addition, the minor kaliuresis that was observed is consistent with the site of action of BG9928 on the distal tubule (3, 14, 15) .
This first published study of multiple doses of an oral selective A 1 adenosine receptor antagonist in humans shows trends toward beneficial effects in clinical measures of HF, including body weight, edema, and physician global assessment in patients who received BG9928 for 10 days. Although statistical significance was not reached for the outcomes, the findings are noteworthy because the treatment period was relatively short and the effects occurred in combination with standard therapy in patients with stable disease. The results are consistent with prior clinical studies with single intravenous doses of a different A 1 adenosine antagonist (BG9719), which showed natriuretic and renal protective effects in HF patients treated with standard therapy (3, 14) . Future studies that include larger numbers of patients will assess these effects more rigorously. Studies also are planned to investigate short-term intravenous treatment with BG9928 in acutely decompensated HF patients receiving intravenous diuretics. Continued research is also necessary to fully assess the safety profile of BG9928. In addition, the absence of renal function decline in the present study in both treatment and placebo-control groups prohibits a definite conclusion regarding potential renal-protective effects of BG9928 in this sample of HF patients. Longerterm studies with the oral formulation are planned to detect any renal protective effects, as well as effects on morbidity and mortality.
Oral doses of BG9928 (3 to 225 mg daily) for 10 days produced the desired physiological responses, and no safety concerns were observed. Additional studies of BG9928 are warranted in patients with HF in whom natriuresis, volume loss, and maintenance of renal function are desired.
